Abstract The biodegradation behavior of an ultrafine-grained (UFG) magnesium alloy ZE41A containing rare-earth (RE), obtained through multi-pass of equal channel angular pressing(EACP), was investigated by electrochemical measurements in Hank's solution. The highest value of charge transfer resistance was obtained in the electrochemical impedance spectroscopy plots of the ECAPed samples with the largest pressing pass, while a movement of corrosion potential toward noble direction and a decrement of corrosion current density were observed in the potentiodynamic polarization curves of the ECAPed samples with further pressing passes. These results indicated that ECAP could be an efficient way to reduce the biodegradation rate of the ZE41A alloy.
Introduction
Magnesium alloys are considered as promising biodegradable implant materials, due to their excellent mechanical properties and biocompatibility, such as low density, high specific strength, osteoinductive properties and elastic modulus close to that of human bones [1] [2] [3] . However, in vitro and in vivo evaluations demonstrate that the fast degradation rates of magnesium alloys in Cl − containing physiological system often result in the rapid destroy of their implant before the healing of tissue and are not beneficial to their clinic application [4] [5] [6] [7] . Recent researches showed that the corrosion rates of Mg alloys after hot rolling and hot extrusion decreased with n the decrease of its grain sizes [8, 9] , therefore it is considered that the grain refinement could be an effective way to control the fast biodegradation rate of Mg alloys. Equal channel angular pressing (ECAP) is an efficacious technique to fabricate ultrafine grained (UFG) metallic materials without remarkable geometrical change of bulk materials [10, 11] . Until now, only a few researches have been carried out to investigate the influence of ECAP process on the corrosion behavior of Mg alloys [12, 13] . Those limited literatures proved that Mg alloys with a history of ECAP procedure obtained a better anti-corrosion behavior [9, 14] . Therefore, more attention should be paid to the bio-corrosion behaviors of the ECAPed Mg alloys. The biodegradation rate of ZE41A alloy (nominal composition Mg-4.9Zn-1.5RE-0.7Zr) is worth to study due to its excellent biocompatibility. The results of authors' previous work showed that the ECAPed ZE41A alloy consisted of UFG Mg matrix and homogeneously distributed fine secondary particles had improved mechanical properties from room temperature up to 423 K [15] and higher corrosion resistance in aqueous solution of NaCl [16] compared with the alloy without ECAP. Several literatures reported the corrosion behavior of ZE41A Mg alloy in different conditions [17] [18] [19] , but no researches have been carried out so far to study the bio-corrosion behaviors of UFG ZE41A alloy. The aim of the present work is to reveal the influence of grain ultrafining via ECAP on the electrochemical behavior of ZE41A Mg alloy in a simulated body fluid (i.e. Hank's solution).
Experimental
Three types of corrosion samples (5 mm in diameter and 2 mm in length) were cut from the ZE41A billets ECAPed at 603 K for 8 passes, 16 passes and 60 passes, respectively. Optical micrographs of the ECAPed alloy showed that the percentage of ultra-fine Mgmatrix grains increased with the pressing pass, while the sample with 60passes consists of UFG Mg matrix with average size of about 2.5 mm and fine secondary-particles homogeneously distributed in the matrix, as shown in Fig. 1 . All these corrosion samples (designated by 8 P, 16 P and 60 P, respectively) were molded into epoxy resin with only one face exposed for the electrochemical tests, and their working surfaces were ground with SiC emery papers up to 2000 grit. Electrochemical tests were carried out at room temperature in a beaker containing 250 ml Hank's solution, by means of an advanced electrochemical system of PARSTAT2273. The system with a standard three-electrode configuration has a saturated calomel electrode (SCE) as a reference, a platinum electrode as a counter, and the sample as a working electrode. Hank's solution was made using Hank's Balance Salts (without sodium bicarbonate, Merck Millipore Beijing Skywing), sodium bicarbonate (reagent grade) and distilled water. It includes 137 mmol/L NaCl, Table 1 .
All three types of ECAPed samples were immersed in Hank's solution for various length of time (i.e. 1 h, 4 days and 8 days), while the solution was refreshed every two days. Then their electrochemical-impedance-spectroscopy (EIS) plots and potentiodynamic polarization curves were measured. Such immersion intervals were chose to estimate the longevity of the UFG ZE41A alloy for implant application, since the corrosion behaviors of these ECAPed samples can be modified by their superficial Enhanced biodegradation behavior of ultrafine-grained ZE41A magnesium alloy in Hank's solutioncorrosion products. Their EIS plots were recorded at the steady open circuit potential (OCP) by applying a 10mV sinusoidal potential through a frequency domain from 100 kHz down to 10 mHz. The polarization scans were carried out with a scanning rate of 1mV/s over the potential range from −1.8 mV vs. SCE to different anodic limits. Fig. 2 presents the potentiodynamic polarization curves of the ECAPed ZE41A alloy immersed in Hanks' solution for various length of time at room temperature, where the intersection of anodic branch and cathode branch is the corrosion potential (E corr ). Tafel extrapolation method was used to calculate the corrosion current density (i corr ), and Table 2 summarizes the values of E corr and i corr for all ECAPed samples. It is obvious that the E corr values of the ECAPed alloy immersed for 1 h shift positive with increasing the pressing pass as shown in Fig. 2(a) . The E corr values of the 8 P sample was −1.371 V, while that of 60 P sample was −1.302 V with an increment of 69 mV. The i corr value of the latter was reduced by 61% compared with the former after immersion in Hank's solution for 1 h. As illustrated in Fig. 2(b) and (c), the corrosion potential of ECAPed ZE41A samples immersed after 4 days and 8 days shows almost the same tendency. That may be attributed to a movement of E corr toward noble direction and a decrement of corrosion rates in different extents with the increase of ECAP pass. Fig. 3 shows the Nyquist plots of three types of ECAPed ZE41A alloy immersed in Hank's solution at room temperature recorded at 1 h, 4 days and 8 days, respectively. A depressed semicircle at high and medium frequencies was observed for those samples immersed after 1 h and 4 days, while an additional slight arc was found at high frequencies for those samples immersed after 8 days. It indicates a change of electrochemical properties after a relative long term of immersion in Hank's solution, which is probably induced by the precipitation of corrosion products on the surfaces of those samples. On the other hand, the ECAPed samples showed an inductive loop at low frequencies in all cases as shown in Fig. 3(a-c) , except for the 60 P samples immersed in Hank's solution for 8 days (Fig. 3(c) ). Considering that the kinetics of the corrosion behavior is estimated from the capacitive arc obtained in the high-frequency (HF) and medium-frequency (MF) ranges, the analysis of the impedance data will focus on this part of the spectra. By comparing the diameter of the capacitive arcs obtained in Fig. 3 , the highest diameters for the 60 P samples were found for all immersion periods of time, thus showing a highest corrosion resistance in Hank's solution. Fig. 4 shows the equivalent circuits used to simulate the impedance data of the ECAPed samples immersed in Hank's solutions. The HF-MF arc was simulated by using a simple Randles circuit (Fig. 4(a) ) consisting of the solution resistance (Rs), in series with a constant phase element (CPE) simulating a non-ideal behavior of the capacitor due to the sum of the oxide layer capacitance and the double-layer capacitance, in parallel with the charge transfer resistance (R). For the samples with immersion of 8 days, as the electrochemical properties were changed after a long term of immersion, a second branch was added in the Randles circuit to simulate these cases (Fig. 4(b) ). The fitting of the arc in HF-MF range gives valuable information about the corrosion kinetics of the ECAPed alloy. Table 3 summarizes the fitting values of charge transfer resistance R (R1+R2 for the samples after immersion of 8 days) obtained for all three types of samples after immersion in Hank's solution for 1 h, 4 days and 8 days, respectively. Obviously, the 60 P sample always shows the highest R value over time compared with the other two types of the samples. In addition, the decrement of R value for 4 days sample and the increment of R value for 8days sample indicate the existence of an intermediate period in which more protective corrosion products precipitated on the surface of ECAPed samples. These protective corrosion products finally improved the corrosion resistance of ECAPed samples at 8 days.
Results and discussions
Our previous work present that grain ultrafining caused by dynamic recrystallization and the homogeneous distribution of secondary phases induce the improvement of corrosion resistance of ECAPed ZE41A alloy in NaCl solution [16] . Similarly, on the one hand the large number of ECAP passes induced a more complete dynamic recrystallization which could decrease the harmful influence of residual internal stress on the corrosion resistance. On the other hand, they also resulted in an UFG microstructure with homogenously distributed secondary particles which could reduce the tendency of localized corrosion. Therefore, in comparison with the 8 P sample in which dynamic recrystallization was incomplete, the 60 P sample with equiaxed and homogeneously distributed UFG-microstructure possessed much lower biodegradation rate in simulated body fluids. ECAP is herein an efficient technique to improve the bio-corrosion resistance of ZE41A Mg alloy.
Conclusions
1) The large number of ECAP passes resulted in a movement of corrosion potential toward the noble direction and a decrement of corrosion current density for ultrafine-grained ZE41A Mg alloy immersed in Hank's solution.
2) The ECAPed ZE41A Mg samples at 603 K for 60 passes consist of UFG equiaxial Mg matrix due to complete dynamic recrystallization and homogeneously distributed fine secondary-particles, which leads to the highest value of charge transfer resistance, indicating a best corrosion resistance after a long period of immersion in Hank's solution. 3) ECAP is an efficient technique to improve the bio-corrosion resistance of ZE41A alloy in Hank's solution and should be paid more attention in the field of controlling the biodegradation rate of Mg alloy as biomaterials.
